Figure 1 Data acquisition and processing methods. All patients were studied in the supine position with biplane cineangiocardiography after injection of contrast medium into the pulmonary artery while simultaneously monitoring left ventricular pressure. Special photocell devices in the x-ray beams of the AP and lateral tubes were used to record the timing of individual cine frames (A, B). All data were tape recorded for later playback at rapid paper speeds. The individual cine frames were projected with a calibrated optical system for drawing the LV chamber silhouette (C). The longest length of the LV cavity in each projection was divided into ten equal parts where perpendicular lines were constructed to the border of the silhouette. The values of the length and width dimensions were transcribed to punch cards (D). All data were analyzed by a digital computer (E), which calculated the instantaneous volumes by the longest length-area method. The instantaneous volumes, first time derivative of volume (net flow), mid (hoop) circumference and its velocity of change, and pressure values were outputted in numerical form (F). Additionally, automated time plots of selected variables were displayed in graphic form with a Calcomp plotter (G).
found in three types of commonly encountered cardiac anomalies: tetralogy of Fallot, isolated ventricular septal defect, and patent ductus with and without mitral insufficiency.
Methods

Patient Population
A total of 52 patients were studied during cardiac catheterization. The number of patients in each diagnostic category is indicated in table 1. All patients were studied under light nitrous oxide anesthesia in the supine position. Systemic and pulmonary shunts were calculated from blood-oxygen saturation data (Fick method).
Simultaneous left ventricular pressure and biplane cineangiocardiograms were recorded 50 to 90 minutes after the onset of anesthesia. During Circulation, Volume XXXVII, June 1968 the filming sequence, heart rates varied from 90 to 120 beats per minute.
Data Acquisition Methods
The over-all procedure of data acquisition is illustrated in figure 1, A The final values were displayed in numerical form for each 16.6-msec interval ( fig. 1 F) fig. 4 A) . During isovolumic contraction the left ventricular pressure rise precedes that of the right and is associated with flow across the defect from the left ventricle into the body of the right ventricle, with some of this shunted blood being ejected into the pulmonary artery prior to aortic valve opening ( fig. 4 B) . As noted above, an estimated 12 to 43% of the total LV stroke volume occurred during this interval. During systemic ventricular ejection both chambers ejected blood into the aorta, without interventricular flow being demonstrable across the defect ( fig. 4 C ) . 1 The period of "isovolumic" relaxation in this hemodynamic group of tetralogy patients was characterized by the left ventricular pressure falling earlier than that of the right, with the development of a prominent right-to-left pressure gradient (fig. 4 D) . Since the continuous volume curves indicated either no or slight increase in left ventricular volume during this interval, the right-to-left shunting that can be seen during this interval on cineangiocardiograms may occur at a time when the LV pressure has fallen to low values, allowing opening of the mitral valve with development of a brief interval during early LV diastole when right ventricular pressure remains elevated (25 to 35 mm Hg) and is accompanied by right-to-left shunting. Thus, in this group, mitral valve opening should occur before that of the tricuspid, this interval being characterized by the left ventricle receiving a slight amount of blood from the right ventricle in addition to the left atrial contribution.
The effect of the intracardiac left-to-right shunt during "isovolumic" contraction was especially apparent when LV "net flow"-pressure curves were compared with normal ones. same time flow began in the aorta; these patients demonstrated a stable LV volume during isovolumic contraction. However, in those patients with low right ventricular pressure, whose shunts were greater than 35%, there was consistently left-to-right flow across the defect prior to the onset of flow into the aorta; this was associated with a decrease in LV volume during the isovolumic contraction interval. The comparison of the pressurevolume loops in a patient before and after closure of the ventricular septal defect is shown in figure 6 A. Note the postoperative marked drop in stroke volume and the absence of volume changes during the isovolumic periods.
Of the 10 patients with systemic right ventricular pressures in the presence of a ventricular defect ( fig. 6 B) , four had pulmonary-to-systemic vascular resistance ratios 50 75 100 125 VOLUME (ml/M2 BSA) Figure 6 Left ventricular pressure-volume loops in patients with varying hemodynamic states with isolated ventricular septal defects. Patients with normal right ventricular pressure and large leftto-right shunts demonstrated a broad loop with large end-diastolic volumes and large stroke volumes. In those patients with left-to-right shunts comprising greater than 35% of pulmonary blood flow, there was a perceptible decrease in LV volume during the isovolumic contraction period. The tracings shown in A were obtained in a patient with a ventricular septal defect whose left-to-right shunt was 68% of pulmonary blood flow preoperatively. His postoperative pressure-volume loop, which was obtained 2 years after surgery, appeared normal as shown above. In patients with systemic right ventricular pressures, there was consistently a decrease in volume during the isovolumic contraction interval (B). The area of the loop was large in those patients with high flow and normal in those patients with predominantly right-to-left or equal bidirectional shunting.
greater than 0.6. The remainder of the group were patients with moderate to large left-toright shunts. All 10 of these patients demonstrated a decreasing left ventricular volume during the isovolumic contraction period. This decrease in volume could be related to leftto-right flow across the defect prior to the opening of the aortic valve.2 Those patients with high pulmonary resistance and predominant right-to-left shunting demonstrated narrow loops, which consistently revealed a decreasing LV volume during isovolumic contraction, and an increasing LV volume during the period of isovolumic relaxation ( fig. 6 B) .
Patent Ductus Arteriosus
Five of the 12 patients in this group had left-to-right shunts comprising more than 60% of pulmonary blood flow (ages 22 to 7 years).
The shape of the pressure-volume loop indicated a stable ventricular volume during the periods of isovolumic contraction and relaxation. The loops appeared normal in three patients with small left-to-right shunts; however, in the group with large left-to-fight shunts, the area of the pressure-volume loop (stroke work) was much larger than normal. This increase in area could be attributed both to the abnormally large stroke volume and to the higher than normal systolic pressures developed in those patients with large shunts (fig. 7 A) . In 3 patients with associated mitral insufficiency, a decreasing LV volume was found during the interval of isovolumic contraction ( fig. 7 B) .
Discussion
The design of the present study was limited Left ventricular pressure-volume relationships in patient ductus arteriosus. These patients demonstrated minimal LV volume changes during the isovolumic contraction and relaxation periods (A). Those patients with shunts less than 30% of pulmonary flow demonstrated normalappearing pressure-volume loops. However, in the presence of large left-to-right shunts the loops were broadened due to the increased stroke volume, and taller than normal due to elevated systolic pressure with large shunts (A). All patients with patent ductus arteriosus underwent direct left ventricular angiocardiography. Associated mitral regurgitation was found in three, and their LV pressure-volume loops showed a decrease in volume during the isovolumic contraction phase as illustrated in B.
primarily to delineation of data that could be obtained directly from the pressure-volume relationships in several congenital cardiac defects. This approach was utilized first to clarify the changes in these variables during contraction and relaxation since fig. 2) .
The technique used in the early part of this study was to perform left ventricular pressure measurements followed by direct LV injection of contrast media; then, after each cine frame was analyzed, the volumes were aligned with the previously recorded pressures when the rate remained constant (minimal R-R interval change). 
